Analysis of DNA sequences has greatly aided our understanding of molecular biology and genetics. Nucleotide sequences have provided a wealth of information about gene structure and function. In addition to revealing the primary structure of genes, sequencing has uncovered the phenomena of overlapping genes, segmented genes, pseudogenes and a different genetic code for mitochondria. To date over 2 million base pairs of DNA sequence have been determined, nearly all during the last 9 years. In this short article I shall briefly discuss the rapid shotgun methods of sequence analysis and the computer facilities required for data collation and analysis.
The original sequencing strategies relied upon the possession of a detailed restriction map of the target DNA, in order that a planned campaign could be devised. However, the construction of such a restriction map takes time, in most cases as long as it would take to sequence the actual DNA. It quickly became obvious that it was easier to sequence fragments indiscriminately, from several restriction-enzyme digests, as the sequence of the DNA yields the ultimate in restriction maps. The most laborious aspect of these earlier methods was the isolation and purification of suitable restriction enzyme fragments, from agarose or polyacrylamide gels.
A major innovation was achieved by the use of a biological cloning procedure, to replace the electrophoretic separation of restriction fragments. This results in a very efficient purification procedure and is affected by neither the complexity of the restriction enzyme digest, nor the size of the resulting fragments. Suitable cloning vectors have been developed, which allow the direct sequencing of the cloned DNA by either the Sanger polymerase copying methods (Sanger & Coulson, 1975; Sangeretal., 1977) or the chemical degradation procedure of Maxam & Gilbert (1977) .
Chemical sequencing vectors utilize a polylinker of unique restriction enzyme sites, which allow the cloning and subsequent sequence analysis of the DNA, without recourse to purification of end-labelled fragments. Analysis can thus be performed on plasmid DNA isolated from small cultures,by quick minipreparative methods (Ruther, 1982) . The Maxam & Gilbert (1977) procedure involves many chemical manipulations, which make the process both tedious and timeconsuming. The drudgery of these steps may soon be vanquished in laboratories which can afford to purchase the microchemical sequencing robot, developed recently in Japan (Wada, 1984) .
The initial disadvantage of the Sanger chain-termination method (Sanger et al., 1977) , was the requirement of singlestranded DNA as a template for the polymerase reaction. This problem was elegantly overcome by the introduction of filamentous bacteriophage cloning vectors (Messing et al., 1977; Zinder & Boeke, 1982 The DNA is sequenced using a universal flanking primer with dideoxynucleotides and Klenow polymerase. (6) Compilation of data Individual gel readings are collated using the DBUTIL or DBAUTO programs to yield a consensus sequence. (7) Selective strategies To finish a sequence, it may be necessary to selectively clone particular restriction fragments, turn-a-round certain M13 clones and extend existing readings, so that the sequence is determined completely on both strands. Fig. 1 The uneven distribution of restriction enzyme sites can be a major hindrance in a sequencing project. DNA fragments may be generated which are too large to sequence completely, even after clone-turn-a-round (Winter & Fields, 1980) , which enables both ends of a fragment to be tackled. Equally, restriction fragments which are too small (< 100 base-pairs) effectively waste sequencing gel space and these fragments are cloned more efficiently than larger ones. To circumvent these problems, random DNA fragments can be generated by mechanically shearing the DNA by sonication (Deininger, 1983) or by digestion with deoxyribonuclease I (Anderson, 1981) . The resulting fragments are enzymically repaired, to create blunt-ended molecules, and size selected on agarose gels for subsequent cloning. DNA fragments in the size range 400-800 base-pairs allow for the maximum amount of sequence data to be extracted per sequence reaction.
An outline of the present day rapid M13 shotgun sequencing strategy is presented in Fig. 1. Step 2, the selfligation of the DNA, eliminates any end effects and ensures a random distribution of fragments throughout the target DNA. Using this strategy, a single library of clones should cover the entire sequence. Data can be generated very quickly by this method: under ideal conditions nearly 100 clones can be sequenced in one week. This should provide enough data to cover a 4000 base-pair sequence, although inevitably some regions may not have been sequenced on both strands, and minor gaps may occur. Towards the completion of a project, the random method yields an increasing redundancy of information. At the point when the target is approximately 90% double-stranded, it is advisable to apply more directed and selective approaches to finish the sequence.
After step 5 (Fig. l) , the sequencer is left with individual gel readings of 250-350 bases, which need to be collated. The compilation and analysis of these data clearly requires accessability to some type of computer facility. Attempts to compile the data using pencil and paper are totally unthinkable. The raw data can be typed into the computer by hand or read directly in from the radioautograph, using a digitizer device (Gineras & Roberts, 1980; Staden, 1984) . A completely automated data entry device is not recommended as both sequencing methodologies can yield artifact bands on gels, and the trained eye of the sequencer can better assess these ambiguities subjectively. Great care must also be taken when the data are being transcribed into the computer, because this can be the source of many trivial errors.
The first priority after data entry, is the elimination of those gel readings that only contain cloning vector sequences (such as M13 or nBR322). The next step is the 
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Fig. 2. Database alignment
The data are taken from a sequence project on the large internal repeat unit of Epstein Barr Virus (Jones & Griffin, 1983) . See text for details. alignment of the data into contiguous lengths of sequence, by searching for homologies between individual gel readings. Hopefully, enough data will be collected to yield the complete sequence of the target DNA. Although there are many programs available for the comparison of two DNA sequences [see Nucleic Acids Res. (1 984) 12,l-8531, there are very few specifically designed for the management of sequencing projects. Of those, the Data Base (DB) programs described by Staden (1980 Staden ( , 1982 , or derivatives thereof (Isono, 1984) , are ideally suited to the task.
An example of the Staden format of data alignment is depicted in Fig. 2 . This shows a portion of the database obtained during a sequence analysis on Epstein Barr Virus (Jones & Griffin, 1983) . Individual gel readings are aligned above each other, with the consensus sequence on the bottom line. The numbers on the left refer to the individual gels, the minus sign indicating that the sequence for that particular clone was obtained on the complementary strand.
X symbols in the sequence are padding characters, inserted during the editing phase, to maximize the sequence alignment. The numbers and the letters D and H, in the sequence, refer to an uncertainty code (Staden, 1979) , which allows the experimenter to store any ambiguities in the data directly in the computer. As more data accumulates, the accuracy of character assignments increases, so these uncertainties can be edited from the data base.
In the first DB programs (Staden, 1980) , entry of sequences, and their subsequent management, was interactive and controlled manually from the keyboard by the sequencer. This led to an excessive amount of time being spent at a VDU terminal, in most cases longer than it took to generate the actual sequence data. The most recent programs (Staden, 1982; Isono, 1984) have automated the process. Once the individual gel readings have been entered into the computer, the programs automatically search and align the data, carry out editing functions and calculate a consensus sequence. This result is then presented to the sequencer for approval. These programs offer a considerable saving of time, allowing more time to be spent on the generation of sequence data.
This approach to the management of a sequence data base allows the sequencer to view the data and assess its quality, at any time during the course of the project. Problem areas are highlighted, indicating which further experiments are necessary for the completion of the sequence. To keep the project to a manageable size, it is best not to attempt to sequence a too large a fragment. Fragments in the size range 3000-8000 base-pairs are ideal sizes, allowing the sequence to be completed in a reasonable time.
Other programs are available for the assembly of DNA sequence data (Gingeras et ol., 1979; Clayton & Kedes, 1982) , but they do not allow for the alignment of individual gel readings, and thus an assessment of the quality of the data; nor are they fully automated.
Having completed a sequence, the data need to be analysed. Many programs are available, for a variety of mainframe, mini-and micro-computers [see Nucleic Acids Res. (1984) 12, 1-8531, for searching for internal homologies, screening for open reading frames, restrictionenzyme sites, and assessing secondary structure stabilities.
Access to the major data bases of sequences, from EMBL, Los Alamos and the NBRF (Washington), enable global database searches to be performed. The important discovery that certain oncogenes are related to growth factors (Waterfield et ol., 1983) was only made possible by the use of computers and the availability of the sequence data bases. Improvements in computer technology will continue to be of an immeasurable asset to molecular biologists in the future. Computers are already totally indispensible for present day DNA sequence analysis.
Future developments in methodology for sequence data acquisition will probably include : (i) better gel technology, enabling the accurate reading of sequences up to lo00 bases or more, (ii) the use of non-radioactive detection methods and (iii) the reliable automation of the sequence reactions together with gel fractionation. The ultimate in automation can be envisaged to be a black box, where a cloned piece of DNA is injected at one end, and a printout of the sequence appears at the other. This, however, would take most of the fun out of sequencing. 
